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ABSTRACT
Aims. We aim to investigate if the environment (characterised by the host dark matter halo mass) plays any role in shaping the galaxy
star formation main sequence (MS).
Methods. The Galaxy and Mass Assembly project (GAMA) combines a spectroscopic survey with photometric information in
21 bands from the far-ultraviolet (FUV) to the far-infrared (FIR). Stellar masses and dust-corrected star-formation rates (SFR) are
derived from spectral energy distribution (SED) modelling using MAGPHYS. We use the GAMA galaxy group catalogue to examine
the variation of the fraction of star-forming galaxies (SFG) and properties of the MS with respect to the environment.
Results. We examine the environmental dependence for stellar mass selected samples without preselecting star-forming galaxies and
study any dependence on the host halo mass separately for centrals and satellites out to z ∼ 0.3. We find the SFR distribution at
fixed stellar mass can be described by the combination of two Gaussians (referred to as the star-forming Gaussian and the quiescent
Gaussian). Using the observed bimodality to define SFG, we investigate how the fraction of SFG F(SFG) and properties of the
MS change with environment. For centrals, the position of the MS is similar to the field but with a larger scatter. No significant
dependence on halo mass is observed. For satellites, the position of the MS is almost always lower (by ∼ 0.2 dex) compared to
the field and the width is almost always larger. F(SFG) is similar between centrals (in different halo mass bins) and field galaxies.
However, for satellites F(SFG) decreases with increasing halo mass and this dependence is stronger towards lower redshift.
1. Introduction
Star-forming galaxies exhibit a tight correlation between star-
formation rate (SFR) and stellar mass, known as the galaxy star
formation main sequence (MS). The normalisation of the MS
evolves with time such that galaxies at fixed stellar mass have
increasingly higher SFR in the distant Universe (e.g., Daddi et
al. 2007; Elbaz et al. 2007; Noeske et al. 2007; Wang et al.
2013; Schreiber et al. 2015). The discovery of the MS has con-
tributed significantly in overturning our previous thinking which
involved most galaxies undergoing chaotic processes to a dra-
matically different picture which implies star formation in the
majority of galaxies is governed by quasi-steady processes. De-
tailed studies of theMS, e.g., how it depends on the environment,
are crucial for our understanding of galaxy evolution. Peng et al.
(2010) found that the MS (its slope and width) is independent
of environment and only the fraction of star-forming galaxies at
fixed stellar mass change with environment. Subsequently, many
studies have attempted to identify environmental dependence of
the MS, but a consensus is still lacking. Lin et al. (2014) showed
that MS is indistinguishable between the field and group envi-
ronment out to z ∼ 0.8, but reported a moderate SFR decrease in
clusters. Koyama et al. (2013) compiled an Hα-selected galaxy
sample in clusters and demonstrated that any potential environ-
mental impact is small (. 0.2 dex) since z ∼ 2. Erfanianfar et al.
(2015) concluded that the MS of group galaxies (in halos around
[1012.5, 1014.2]M⊙) deviates from the MS in the field but this en-
vironmental effect weakens with increasing redshift. Alpaslan et
al. (2016) looked at the dependence of the MS of disks (from a
morphologically selected sample) as a function of location with
respect to the filamentary large-scale structure out to z = 0.13
and found that at fixed stellar mass the SFRs of spiral galaxies in
filaments are higher on the periphery of the filament compared to
its core. Using the same sample of disk galaxies, Grootes et al.
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(2017) investigated the environment dependence of the MS for
central and satellite spiral galaxies. They found that the MS for
central spirals are similar to field spirals but the MS for satellite
spirals exhibit a median offset (∼ 0.1− 0.2 dex) compared to the
field population.
In this paper, we take advantage of the Galaxy and Mass As-
sembly survey (GAMA; Driver et al. 2011) galaxy group cata-
logues to examine the fraction of star-forming galaxies and the
distribution of central and satellite galaxies in the SFR versus
stellar mass parameter space as a function of environment (char-
acterised by the host halo mass) and redshift. The paper is or-
ganised as follows. In Section 2, we briefly describe the GAMA
spectroscopic survey and the associated multi-wavelength pho-
tometric data. We summarise the procedures used to derive stel-
lar mass, SFR and halo mass of GAMA groups. The main re-
sults are presented in Section 3. Conclusions and discussions
are given in Section 4. We assume Ωm = 0.3, ΩΛ = 0.7, and
H0 = 70 km s
−1 Mpc−1. Flux densities are corrected for Galac-
tic extinction (Schlegel, Finkbeiner & Davis 1998).
2. Data
The GAMA survey has been operating since 2008 to acquire
spectra for galaxies selected from the SDSS (York et al. 2000).
Reliable redshifts have been obtained for over 98% of GAMA
galaxies (∼200,000 in total) with r < 19.8 mag (Liske et al. 2015)
which is 2 magnitudes deeper than the SDSS main survey. Our
target catalogue covers three roughly equal-sized (12 × 5 deg2
each) regions centred at a right ascension of 9h, 12h and 14.5h,
on the celestial equator. We impose a lower redshift limit of
0.01 to remove objects for which peculiar motion could over-
whelm the Hubble flow and an upper limit of 0.3 as very few
galaxies are above this redshift. The GAMA team also assem-
bled photometric information in 21 bands from the far-ultraviolet
(FUV) to the far-infrared (FIR). Wright et al. (2016) presented
the GAMA LAMBDAR Data Release (LDR) containing 21-
band deblended matched aperture photometry using apertures
defined in the SDSS r-band for all images in the imaging dataset.
The LDR is specifically designed for spectral energy distribution
(SED) modelling, as the photometry and uncertainties are con-
sistently measured across the entire bandpass.
2.1. Stellar mass and star-formate rate estimates
We use stellar masses and dust-corrected SFRs derived by fit-
ting panchromatic SEDs to the full 21-band dataset LDR using
MAGPHYS (da Cunha et al. 2008; da Cunha & Charlot 2011),
assuming Bruzual & Charlot (2003) (BC03) models, a Chabrier
(2003) initial mass function, and the Charlot & Fall (2000) dust
attenuation law. A detailed description of the MAGPHYS fits
to the LDR can be found in Driver et. al. (2016). Wright et
al. (2017) found that the MAGPHYS stellar masses agree well
with stellar masses derived in Taylor et al. (2011) (within 0.2
dex for 95% of the sample). Similarly, reasonably good agree-
ments (within 0.3 dex) are observed between MAGPHYS UV-
IR SED fitting based SFRs and other SFR estimates (Davies et
al. 2016; Driver et al. 2018). We divide our sample into three
bins, z1 = [0.01, 0.1], z2 = [0.1, 0.2] and z3 = [0.2, 0.3], and
use conservative stellar mass limit estimates, log Mlimitstar =9.49,
10.44, 10.82 at z = 0.1, 0.2, 0.3 respectively, which are designed
to be 100% complete particularly with respect to bias in colour
(Wright et al. 2017).
Fig. 1. The host dark matter halo mass distribution in three redshift
bins. We focus on the halo mass range between 1012 and 1014M⊙.
2.2. Host dark matter halo mass estimates
We use the classification of galaxies into groups as listed in
the GAMA Galaxy Group Catalogue generated using a redshift
space friends-of-friends group finding algorithm (Robotham et
al. 2011). The algorithm has been tested extensively on mock
GAMA lightcones (Merson et al. 2013). Galaxies are classi-
fied as either the central or a satellite of their group. Recovered
group properties are robust to the effects of interlopers and are
median unbiased in the most important respects (such as halo
mass estimates). In total, the Group Catalogue contains over
23,000 galaxy groups (with a minimum multiplicity of 2 mem-
bers1). Host halo mass is derived using a variety of methods
such as weak lensing calibrated dynamically or luminosity de-
rived masses and abundance matching derived masses. We use
weak lensing calibrated dynamically derived masses as our de-
fault, although we our results are robust against different choices
of halo mass estimators. Robotham et al. (2011) found that the
most accurate recovery of the dynamical centre of the group is
obtained using the so-called iterative group centre which always
coincides with a group member galaxy. We use this galaxy as
the central galaxy of the group, and so all other member galaxies
are treated as satellites. Fig. 1 shows the host halo mass distri-
bution of the GAMA groups in three redshift bins. Most groups
have host halo masses between 1012 and 1014 M⊙ and so this is
the mass range we will focus on.
3. Results
TheMS seems to be already in place at z ∼ 4 or even earlier (e.g.,
Dunne et al. 2009; Shim et al. 2011; Lee et al. 2012; Steinhardt
2014). However, important aspects of the MS which are still
under-explored are any potential environmental dependence and
how it might change with redshift.
3.1. Overall analysis
To study the environmental dependence of the MS, first we need
to define what we mean by star-forming galaxies. In Fig. 2, we
plot the distribution of the log of the specific SFR (SSFR) for
field, central and satellite galaxies in three redshift bins. As de-
scribed in Section 2.2, we define group galaxies to be those in
groups with host halo mass between 1012 and 1014M⊙. Conse-
quently, galaxies not classified as group galaxies are called field
1 Our general conclusions are unaffected by changing the minimum
multiplicity from 2 to 5.
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Fig. 2. The log SSFR distribution for field, central and satellite galax-
ies, which can be fit by the combination of two Gaussians (the blue line
and the red line). The dashed line is the sum of the two. The dotted line
indicates where the blue line is equal to the red line in amplitude.
galaxies. The group galaxies are further divided into centrals and
satellites. The log SSFR distribution is clearly bimodal (consis-
tent with the bimodality discovered in the colour-mass diagram
in Taylor et al. 2015) and can be approximated by the combina-
tion of two Gaussians. The blue line (referred to hereafter as the
"star-forming Gaussian") is the best-fit Gaussian to the galaxies
with typically higher SSFR and the red line (referred to as the
"quiescent Gaussian") is the best-fit to galaxies with typically
lower SSFR. The dashed line is the sum of the two Gaussians.
The dotted line indicates where the amplitude of the blue line is
equal to that of the red line (referred to as the threshold T ). We
list best-fit values of the location and scale parameters of the two
Gaussians, the threshold log SSFR value (T ) and the number of
galaxies for each panel in Fig. 2 in Table A.1 in the Appendix.
Note that the threshold T values are very close to -11 (Gyr−1) in
different redshift bins and for different galaxy types.
We define galaxies with SSFRs greater than the threshold
T as star-forming galaxies (SFG). Now, we can study the SFR
distribution of the SFG in different halo environments and at dif-
ferent cosmic epochs. Fig. 3 shows the 16th, 50th and 84th
percentile in the SFR distribution for either centrals or satellites
as a function of stellar mass, compared to field galaxies. For
clarity, we use filled dots with "error bars" to represent the 16th,
50th and 84th percentile for field galaxies. Therefore, these "er-
ror bars" indicate the width of the SFR distribution (not the un-
certainty on the median value). The centrals seem to have very
similar median SFR but somewhat wider distributions compared
to field galaxies. We do not see strong dependence on halo mass,
possibly due to the small sample size and the small dynamic
range (in halo mass) or a real absence of environmental depen-
dence for the centrals. For the satellites, it is clear that the me-
dian SFR is consistently lower and the width in the SFR distribu-
tion is also consistently larger compared to field galaxies. In the
lowest redshift bin, there is indication that at fixed stellar mass,
the median SFR for the satellites in the most massive halos is
somewhat lower (although not consistent across the stellar mass
range) compared to satellites in less massive halos.
Fig. 4 shows the fraction of SFG, F(SFG), (the ratio of the
number of SFGs over the total number of galaxies) as a func-
tion of stellar mass for either centrals or satellites compared to
Fig. 3. The 16th, 50th and 84th percentiles in the SFR of the SFGs as
a function of stellar mass (top: z1; middle: z2; bottom: z3). Field galax-
ies (filled circles) are compared with centrals (left) and satellites (right),
divided into four halo mass bins (mh1 = [1012, 1012.5]M⊙; mh2 =
[1012.5, 1013]M⊙; mh3 = [10
13
, 1013.5]M⊙; mh4 = [10
13.5
, 1014]M⊙).
the field galaxies. For centrals, F(SFG) in different halo mass
bins is always similar to F(SFG) in the field which suggests that
the environmental processes (represented as the fraction of SFG)
quenching star formation do not affect centrals. For satellites,
F(SFG) as a function of stellar mass exhibits strong variation in
halos of different mass ranges with F(SFG) increasing as halo
mass decreases. However, in the highest redshift bin, we are
unable to detect variation between satellites and field galaxies
and any dependence on halo mass due to small sample size and
small dynamic range. Another possibility is that the dependence
of F(SFG) on halo mass weakens with increasing redshift and at
z > 0.2 it is barely noticeable. In halos with masses in the range
[1012, 1012.5], F(SFG) for the satellites is similar to field galax-
ies. The difference in F(SFG) for satellites over the halo mass
range between 1012M⊙ and 10
14M⊙ increases significantly over
the last 2 Gyr or so since z ∼ 0.2.
3.2. Stellar mass dependence
Our definition of SFG depends on galaxy bimodality, i.e., how
galaxies separate into two classes in the SSFR distribution. It
is possible that the details of the bimodal distribution (e.g., the
precise value of T ) also depend on stellar mass, in addition to
redshift and galaxy type (field galaxies, centrals or satellites).
To address potential dependence on stellar mass, we perform a
two Gaussian fit to the log SSFR distribution in bins of stellar
mass and redshift for each galaxy type (shown in Appendix A).
Fig. 5 shows the parameters of the two Gaussian fits to the
log SSFR distribution as a function of stellar mass. The filled
black dots show the location parameters of the star-forming
Gaussian for field galaxies. The filled black triangles show the
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Fig. 4. F(SFG) as a function of stellar mass (top: z1; middle: z2;
bottom: z3). Field galaxies (filled circles) are compared with centrals
(left) and satellites (right) in four halo mass bins.
location parameters of the quiescent Gaussian for field galaxies.
The "error bars" on the plotting symbols represent the scale pa-
rameters (i.e. the width of the Gaussian) and not the uncertainty
on the mean (i.e. the location parameter). The lines represent
group galaxies. For the centrals or satellites, the middle line
corresponds to the location parameter of the Gaussian and the
two outer lines correspond to the scale parameter. We can see
that for the star-forming Gaussian, satellites have consistently
lower mean log SSFR values (by ∼ 0.2 dex) and a wider spread.
In comparison, centrals are much more similar to field galax-
ies. These trends are in agreement with what is presented in Fig.
3. For the quiescent Gaussian, field galaxies and group galaxies
(centrals or satellites) are quite similar to each other (in terms
of mean and scatter). The similarity in the quiescent Gaussian
in the field and group environment as well as in the central and
satellite population may suggest that once a galaxy is quenched,
it becomes a quiescent galaxy of fairly homogeneous properties
insensitive to its environment. Our findings of the environmental
dependence of the positions of the MS for centrals and satellites
are similar to conclusions in Grootes et al. (2017) for morpho-
logically selected spirals.
In Fig. 6, we plot the fraction of SFG F(SFG) as a function
of stellar mass and examine how it depends on halo mass, red-
shift and galaxy type. Note that the difference between Fig. 4
and Fig. 6 is that the threshold used to select SFG is indepen-
dent of stellar mass in Fig. 4. Despite this difference, we can
draw similar conclusions. We see little variation in F(SFG) be-
tween field galaxies and centrals and little halo mass depen-
dence, although we are limited by the small sample size and
small range in stellar mass. In contrast, F(SFG) for satellites
depends strongly on halo mass in the lowest redshift bin with de-
creasing F(SFG) at a given stellar mass as halo mass increases.
From halos in the mass range [1012, 1012.5]M⊙ to halos in the
Fig. 5. Parameters of the Gaussian fits to the log SSFR distribution as a
function of stellar mass. The circles show the location parameters of the
star-forming Gaussian and the triangles show the location parameters of
the quiescent Gaussian for field galaxies. The error bars represent the
scale parameters. Left: the location and scale parameters of the star-
forming Gaussian for the centrals (blue solid lines) and the satellites
(red solid lines) compared to field galaxies. Right: the location and
scale parameters of the quiescent Gaussian for the centrals (blue dashed
lines) and the satellites (red dashed lines) compared to field galaxies.
mass range [1013.5, 1014]M⊙, F(SFG) decreases by roughly a fac-
tor of 2. The halo mass dependence is still present in z2 but
is significantly weaker. It is reasonable to expect that if envi-
ronmental processes quenching star formation activities in satel-
lites take place on timescale comparable to the time span probed
by our redshift bins, then we would see a noticeable increase in
F(SFG). In the highest redshift bin, our data is insufficient to de-
tect any potential halo mass dependence in the satellite popula-
tion. It could also indicate that environmental effects on F(SFG)
in the satellites disappear above z ∼ 0.2. Our results on the envi-
ronmental dependence of F(SFG) for centrals and satellites are
qualitatively similar to the findings in Kovacˇ et al. (2014).
To avoid issues related to redshift evolution of the environ-
mental dependence, we only compare our results with similar
observational studies in roughly the same redshift range. The
existing results are quite mixed and it is difficult to do a direct
and robust comparison due to different measures of environment
(e.g., halo mass vs. density field) and different definitions of star-
forming galaxies, in addition to other issues such as sample size
and different methods of analysis. von der Linden et al. (2010)
showed that the typical SFR of non-quiescent galaxies decreases
by ∼ 0.3 dex towards the centre of clusters at z < 0.1. Peng et
al. (2010) found that the SSFR of blue galaxies is independent
of environment (characterised by density quartiles). In Peng et
al. (2012), a small difference in the SSFR as a function of stellar
mass exists between central and satellite star-forming galaxies,
which is ∼ 0.2 dex at low masses and decreases with increas-
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Fig. 6. F(SFG) as a function of stellar mass. The three rows correspond
to the three redshift bins. Field galaxies (filled circles) are compared
with centrals (left) and satellites (right) in four halo mass bins.
ing stellar mass. Wijesinghe et al.(2012) concluded that the SFR
of star-forming galaxies is independent of the density (based on
a 5th nearest neighbour metric) at fixed stellar mass. Haines et
al. (2013) found the SSFR of star-forming cluster galaxies are
systematically lower (by ∼28%) than comparable galaxies in the
field at 0.1 < z < 0.3. In Darvish et al. (2016), the SFR and
SSFR of star-forming galaxies are found to be independent of
the density field (including the lowest redshift bin z = [0.1, 0.5]).
Darvish et al. (2017) concluded that the median SFR for star-
forming galaxies is ∼ 0.3−0.4 dex lower in satellites and centrals
in clusters compared to field galaxies at z . 0.5.
4. Conclusions and discussions
We take advantage of the GAMA survey to study the environ-
mental dependence of the fraction of SFG and the properties of
the MS at z < 0.3. Thanks to the depth and quality of GAMA
data, we are able to examine environmental dependence (char-
acterised by host halo mass) of the MS using stellar mass se-
lected samples without preselecting star-forming galaxies. Fur-
thermore, we can separate galaxies in group environment into
centrals and satellites and separately study any dependence on
halo mass. Our main conclusions are:
– A clear bimodality exists in the SSFR distribution at fixed
stellar mass which can be described by the combination of
two Gaussians (the star-forming Gaussian and the quiescent
Gaussian).
– Using the observed bimodality to define SFG, we check how
the MS changes with environment. For centrals, the position
of the MS is similar to field galaxies but the width of the
MS is somewhat larger. No significant dependence on halo
mass is found. For satellites, the position of the MS is almost
always lower (by ∼ 0.2 dex) compared to field galaxies and
the width is almost always larger. We do not find significant
dependence of the position of the MS on halo mass.
– The fraction of SFG F(SFG) is similar between centrals and
field galaxies. We do not detect significant dependence on
halo mass for the centrals. However, for satellites, F(SFG)
decreases with increasing halo mass and this dependence on
halo mass strengthens significantly towards lower redshift.
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Table A.1. Gaussian fits to the log SSFR distribution. The columns
are galaxy type, the location and scale parameter of the star-forming
Gaussian, µSF (in unit of Gyr
−1) and σSF (in dex), the location and scale
parameter of the quiescent Gaussian, µQ (in unit of Gyr
−1) and σQ (in
dex), the threshold T (in unit of Gyr−1) in log SSFR where the am-
plitudes of two Gaussians are equal to each other, and the number of
galaxies.
z1 = [0.01, 0.1]
Type µSF σSF µQ σQ T N
field -10.0 0.4 -11.5 0.7 -10.7 3981
central -10.3 0.5 -12.1 0.5 -11.1 762
satellite -10.2 0.5 -11.8 0.5 -11.0 2146
z2 = [0.1, 0.2]
field -10.3 0.4 -11.6 0.4 -10.9 8500
central -10.4 0.5 -11.9 0.4 -11.1 2232
satellite -10.6 0.5 -11.7 0.4 -11.1 4250
z3 = [0.2, 0.3]
field -10.5 0.4 -11.5 0.3 -11.0 7037
central -10.8 0.6 -11.7 0.3 -11.2 1972
satellite -10.8 0.5 -11.6 0.3 -11.2 2806
Appendix A: Galaxy bimodality as described by the
combination of two Gaussian distributions
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